The nature of the intermolecular hydrogen bond for the furan-HCl and furan-CHCl 3 complexes has been studied using ab initio calculations with MP2 level of theory. The new hydrogen bond type of C(Cl)-H…O and C(Cl)-H…π interactions are studied also. It is shown that, for the optimized geometries of furan-CHCl 3 , C-H bond lengths contract and vibrational frequencies are blue-shifted, while for the furan-HCl complex, H-Cl bond lengths elongate and vibrational frequencies are red-shifted. In addition, the NBO analysis indicates that, for the furan-CHCl 3 complex, the charge transfers from the lone pair of the proton acceptor to both σ * (CH) antibonding MO and lone pairs of Cl atom.
The importance of intermolecular interactions in biology and material science has prompted chemists to explore the nature of the variety of such interactions. The strongest of these interactions are the hydrogen bonds, which play an important role in determining the molecular conformation, crystal packing, and the structure of biological systems such as nucleic acids. Extensive experimental and theoretical efforts [1] [2] [3] [4] [5] have been devoted to the studies of this type of interactions, such as C-H…O, C-H…π and H…H hydrogen bonds. Furan (C 4 H 4 O) and its derivatives are the important organic materials, which are widely used in organic syntheses. It is known that furan is a molecule of five-member aromatic hetercycle, in which one of two lone pairs of O atom forms a delocalized big π-bond with two double bonds. Therefore, the interactions of furan with CHCl 3 should involve two contacts, one is the C-H…O contact and another is the C-H…π contact. The hydrogen bond interaction between furan and HCl has been preformed with STO-3G basis set by Tsuda et al. [6] . Recently, Shea et al. [7] observed the rotational spectrum and estimated the molecular structure of the furan-HCl complex which forms a coplane C-H…O hydrogen bond. Both studies did not involve π-type of hydrogen bond. In this paper, we use furan as the proton acceptor and HCl and CHCl 3 as the proton donor to investigate the nature of the hydrogen bonds with high-level ab initio calculations.
Methods
The geometries of the furan, HCl and the furan-HCl complex were optimized at the MP2 level of theory with the 6-31G** and 6-311+G** basis sets, while for the furan-CHCl 3 complex, only the 6-31G** basis set was used. The structures with HCl molecule lying in the plane of the furan ring and HCl molecule above the furan ring were used to construct the initial geometries for the furan-HCl complex. Similarly, two initial geometries with C-H bond of CHCl 3 molecule locating in and above the plane of the furan ring were used for the furan-CHCl 3 complex. All the complexes were characterized as potential minima by the harmonic vibrational frequency analysis with all frequencies being positive at the MP2 level of theory. The basis set superposition error (BSSE) was corrected at the MP2 level using the standard counterpoise (CP) method. The binding energy (ΔE) was computed as the difference between the total energy of the complex (E(A−B) AB ) and the sum of the subsystem energy (E(A) AB , E(B) AB ):
The binding energy was corrected with the zero-point energy (ZPE) calculated at the MP2 level. The GAUSSIAN 94 package of programs was used for all calculations.
Results and discussion

Geometries and binding energy
The calculated bond lengths and angles of furan and HCl are listed in table 1 together with the observed values. The optimized geometry of the furan molecule is shown in fig. 1(A) . It can be seen from table 1 that for the HCl and furan molecules, the bond lengths calculated with the 6-31G** and 6-311+G** basis sets are in good agreement with the experimental values. The differences between the experimental values and our calculated results are within 0.001 nm. The 
